Introduction
============

Being one of the most delicate organs of the body, the brain is well protected against potentially toxic substances by the blood--brain barrier (BBB) and the blood--cerebrospinal fluid barrier (BCSFB). As a result, the treatment of brain disorders is often limited by the inability of therapeutic drugs to cross either of these barriers from blood to brain. In fact, less than 2% of all potential neurotherapeutic drugs are able to cross them.^[@bib1]^ This problem remains a key obstacle despite decades of research and thus, there is much interest in devising methods to reach the brain more efficiently.

One of the most promising approaches to overcome this problem is to exploit the physiologic mechanisms that the brain barriers have to ensure that certain nutrients like iron or glucose reach the brain.^[@bib2]^ For large molecules like transferrin or insulin, there are specific receptors highly expressed on the cells of the BBB and BCSFB that transport them into the brain by a mechanism called receptor-mediated transcytosis; the ligand binds to the receptor on the blood side of the brain barrier, then it is internalized, transported to the brain side of the barrier, and released in the brain parenchyma or the cerebrospinal fluid (CSF).^[@bib3]^

Based on this mechanism, we built an engineered-receptor/ligand system that would work as follows: the engineered-receptor would be expressed in the cells of the brain barriers, providing specificity for brain targeting. The ligand, which only recognizes our receptor, would be delivered systemically by intravenous injection. The ligand would bind to the receptor and the ligand/receptor complex would be transported from the blood to the brain side of the barriers. Hence, any molecule or nanoparticle attached to the ligand would gain access to the central nervous system compartment.

The receptor-ligand combination we chose comes from the anaerobic bacteria *Clostridium thermocellum*, which has a self-assembled multiprotein complex called cellulosome for degradation of plant cell walls.^[@bib4]^ Cellulosome assembly is mediated by a complementary pair of modules called cohesin and dockerin, which interact with high specificity and affinity. We hypothesized that by combining the bacterial cohesin--dockerin anchoring system with a mammalian receptor, it should be possible to create an engineered receptor/ligand system for the brain barriers with high affinity, high specificity, and transport capabilities.

In this study, we have evaluated in the mouse brain the binding and transcytosis properties of the cohesin--dockerin system combined with the human transferrin receptor (TfR). The engineered receptor was expressed in choroidal ependymocytes of the BCSFB, using a recombinant adeno-associated virus vector (rAAV). Subsequently, the ligand was injected systemically and brains were analyzed for receptor/ligand binding. We found robust binding of the ligand to the choroid plexus as well as entry of the ligand into ependymocytes and transport to their apical (brain side) membranes.

Results
=======

*Ex vivo* validation of the receptor/ligand system
--------------------------------------------------

Cohesin 7 from the CipA scaffoldin gene^[@bib5]^ was fused to the C-terminus of the human transferrin receptor (TfR). This construct was then cloned into a rAAV serotype 9 (rAAV9) vector under the control of a hybrid CMV-β actin promoter (AAV9-TfR-cohesin) ([Figure 1a](#fig1){ref-type="fig"}). In theory, AAV transduction would allow the TfR-cohesin protein to be expressed in mammalian cells, the transferrin receptor would localize the TfR-cohesin protein to the cell surface, and cohesin would then act as the binding domain for a ligand with dockerin. Our ligand was a fusion protein of green fluorescent protein (GFP) with dockerin and to build it, the dockerin sequence from the Cel8A cellulAse gene^[@bib6]^ was fused to the C-terminus of the open reading frame of the GFP ([Figure 1a](#fig1){ref-type="fig"}). The GFP-dockerin protein was then expressed in bacteria and purified as described in Methods. GFP was chosen to allow us to visualize the location of the GFP-dockerin protein after intravenous injection into animals expressing TfR-cohesin. The molecular weight of the GFP-dockerin molecule is approximately 37 kDa, which is not expected to cross the brain barriers. To test the receptor/ligand system, AAV9-TfR-cohesin was injected into the right ventricle or into the right striatum of mice. The left side in each case (ventricle or striatum) was left uninjected and used as a control.

To locate the expression of TfR-cohesin in the brain, and to determine if cohesin/dockerin binding functioned in brain tissue, brain slices from animals injected with TfR-cohesin were incubated in the presence or absence of GFP--dockerin 2 weeks post-rAAV injection. In animals injected in the right striatum, we found high GFP signal in the striatum and surrounding brain regions ([Supplementary Figure S1b](#xob1){ref-type="supplementary-material"}) following incubation with GFP-dockerin protein. As expected, slices incubated in the absence of GFP-dockerin showed no green signal ([Supplementary Figure S1a](#xob1){ref-type="supplementary-material"}).

In animals injected with AAV9-TfR-cohesin intraventricularly, we found a high green fluorescence signal in the brain parenchyma surrounding the right lateral ventricle, where the injection of AAV9-TfR-cohesin had occurred ([Figure 1b](#fig1){ref-type="fig"}). GFP signal was detected from the olfactory bulb/anterior olfactory nucleus to the hippocampus ([Supplementary Figure S2](#xob2){ref-type="supplementary-material"}), which reflects the degree to which the rAAV diffused from cerebrospinal fluid (CSF) into the surrounding brain parenchyma. In addition, we also found green signal in cells of the choroid plexus of the lateral ventricles, not only on the right side ([Figure 1d](#fig1){ref-type="fig"}) but also on the left side ([Figure 1c](#fig1){ref-type="fig"}). This was presumably due to the fact that choroid plexus cells in both ventricles were accessible to TfR-cohesin virus injected into the right ventricle via CSF.

To rule out the possibility that the AAV9 capsid or some portion of the TfR protein sequence were involved in GFP-dockerin binding, we made an alternative engineered receptor in which the human nerve growth factor receptor (NGFR) amino acid sequence was fused to cohesin and packaged in an AAV1 (rather than AAV9) serotype capsid (AAV1-NGFR-cohesin). When this rAAV virus was injected into the right striatum of the brain, we found strong GFP signal in the right striatum when brain slices were incubated with GFP-dockerin ([Supplementary Figure S1d](#xob1){ref-type="supplementary-material"}), and no signal in the absence of the GFP-dockerin ligand ([Supplementary Figure S1c](#xob1){ref-type="supplementary-material"}). This demonstrated that receptor/ligand binding was specific, i.e., due exclusively to the cohesin/dockerin interaction and not to a fortuitous binding of the GFP protein to the transferrin receptor or to components of the AAV capsid protein that might remain 2 weeks postinjection. These results also showed that both TfR-cohesin and NGFR-cohesin could be expressed on the membrane of mammalian cells, and that GFP-dockerin was able to bind TfR-cohesin and NGFR-cohesin in brain tissue, validating that the engineered receptor/ligand system was working correctly.

Ligand injected intravenously *in vivo* labels cells of the choroid plexus in the brain
---------------------------------------------------------------------------------------

The BBB and the BCSFB present several differences. The BBB is located in the brain parenchyma and it is formed by the endothelial cells of the capillaries in the brain parenchyma. These cells are connected by tight junctions that block the movement of molecules between blood and brain.^[@bib7]^ The endothelial cells are at the same time in contact with blood through their apical membrane and with the brain parenchyma through their basolateral membrane. The BCSFB, however, is located in the choroid plexus organs, which are located in the lateral ventricles as well as the third and fourth ventricles ([Figure 2a](#fig2){ref-type="fig"}). The choroid plexus is basically composed of a dense network of capillaries surrounded by a single layer of epithelial cells called choroidal ependymocytes, and they do not have the same structure as the BBB.^[@bib8]^ In the choroid plexus, the capillary endothelial cells lack tight junctions and instead the ependymocytes are the cells that are tightly connected, which blocks the movement of molecules from the blood to the brain. Hence, in this barrier, the choroid ependymocytes are the cells that are at the same time in contact with blood fluids and brain tissue. These cells however are oriented in the opposite way, with the basolateral membrane facing the blood side and the apical membrane facing the brain side. We hypothesized that if we could target and infect ependymocytes of the choroid plexus or endothelial cells in the brain parenchyma, we might be able to express the TfR-cohesin receptor on the side in contact with blood, so that GFP-dockerin injected into the blood could potentially reach TfR-cohesin receptors and bind to them *in vivo*.

To test this hypothesis in the choroid plexus, AAV9-TfR-cohesin virus was injected into the right lateral ventricle of mouse brains. Two weeks later, a single tail vein injection of GFP-dockerin was performed and 8 hours later, brains were fixed and brain slices were analyzed by fluorescence microscopy. GFP signal was found in the choroid plexus of both lateral ventricles ([Figure 2b](#fig2){ref-type="fig"} and [Figure 2c](#fig2){ref-type="fig"}, arrows) as well as in the choroid plexus of the third ([Figure 2c](#fig2){ref-type="fig"}, arrowhead) and fourth ventricle ([Figure 2d](#fig2){ref-type="fig"}). However, no other GFP signal was found in other regions of the brain (not shown). Injection of GFP-dockerin without previous injection of AAV9-TfR-cohesin did not show any GFP signal, ruling out the possibility that GFP-dockerin was able to accumulate in the choroid plexus on its own (not shown).

To test our hypothesis on the endothelial cells of the brain parenchyma, which formed the BBB, we did the same experiment but injected AAV9-TfR-cohesin virus into the striatum. In this approach, the expectation was that rAAV would infect not only neural cells but also the endothelial cells of the capillary network of the brain parenchyma. This in turn would result in expression of TfR-cohesin on the apical (blood) side of brain endothelial cells near the injection site. Two weeks postvirus injection, a single tail vein injection of GFP-dockerin was performed and 8 hours later, brains were fixed and brain slices were analyzed by fluorescence microscopy. No GFP signal was found in brain parenchyma (not shown) suggesting that the endothelial cells of the BBB could not be infected by rAAV9 via the basolateral (brain) side. Alternatively, they could not express the TfR-cohesin cassette or the TfR-cohesin protein did not correctly traffic to the apical membrane. To be sure that the TfR-cohesin was actually expressed in the brain parenchyma of these animals, brain slices were incubated with GFP-dockerin. We found high GFP signal in the striatum and surrounding regions, as we showed previously ([Supplementary Figure S1b](#xob1){ref-type="supplementary-material"}).

Together, these results show that when the receptor, TfR-cohesin, is expressed in cells of the choroid plexus organs, GFP-dockerin, injected intravenously, is able to bind and accumulate in those cells, confirming that the engineered receptor/ligand system works *in vivo*. Our attempt to express the receptor in capillary endothelial cells via brain parenchymal injection was, however, unsuccessful.

Ligand binds and enters choroidal ependymocytes
-----------------------------------------------

We next asked which cells of the choroid plexus were binding the GFP-dockerin ligand. As mentioned earlier, because choroid plexus is mainly composed of endothelial cells and choroidal ependymocytes, we performed immunostaining for these two kinds of cells. When we immunostained against CD31, a marker of endothelial cells, we could not find colocalization of CD31 with GFP ([Figure 3a](#fig3){ref-type="fig"}--[c](#fig3){ref-type="fig"}). However, when we immunostained for two markers of choroidal ependymocytes, α-tubulin and cytokeratin 8/18 (ref. [@bib9]), colocalization with GFP-dockerin was seen for both ependymocyte markers ([Figure 3d](#fig3){ref-type="fig"}--[i](#fig3){ref-type="fig"}, arrows), indicating that the majority of the cells that were binding GFP-dockerin were choroidal ependymocytes. 3D confocal analysis showed that GFP-dockerin was not only on the membranes of choroidal ependymocytes but also throughout the cytosol of the cells ([Supplementary Video S1](#xob4){ref-type="supplementary-material"}), indicating that GFP-dockerin was being internalized into the ependymocytes, presumably via the transferrin receptor. These results demonstrated that systemically administered GFP-dockerin was binding specifically to choroidal ependymocytes and also that it was being internalized into the cytosol of these cells.

Ligand undergoes transcytosis in the blood--CSF barrier
-------------------------------------------------------

We next addressed whether GFP-dockerin was present on the basolateral, apical, or both membranes of choroidal ependymocytes. The apical (or luminal) membrane faces the ventricles of the brain, while the basolateral membrane faces the capillary network, in close contact with blood. Choroidal ependymocytes are highly polarized cells and express different markers on each membrane side.^[@bib10]^ To perform the analysis, we used an anti-GFP antibody, which would highlight the GFP-dockerin located only on the membrane of the cells ([Figure 4b](#fig4){ref-type="fig"},[f](#fig4){ref-type="fig"}). To identify the apical membrane, we used two markers: phalloidin coupled with a fluorochrome ([Figure 4c](#fig4){ref-type="fig"}) and an antibody against aquaporin 1 ([Figure 4g](#fig4){ref-type="fig"}). Phalloidin binds to F-actin, which is predominantly present in the apical border of ependymocytes,^[@bib9],[@bib11]^ and aquaporin 1 has also been found predominantly on the apical membrane.^[@bib12],[@bib13]^

As shown earlier, the green fluorescence signal of GFP-dockerin was distributed throughout the cytosol of the ependymocytes ([Figure 4a](#fig4){ref-type="fig"},[e](#fig4){ref-type="fig"}). GFP-dockerin labeling of the membrane showed that the ligand was distributed predominantly on one side of the membrane (compare arrowheads in [Figure 4b](#fig4){ref-type="fig"},[d](#fig4){ref-type="fig"}, and in [Figure 4f](#fig4){ref-type="fig"},[h](#fig4){ref-type="fig"}), presumably the basolateral membrane, because that part of the membrane showed lower levels of phalloidin ([Figure 4c](#fig4){ref-type="fig"},[d](#fig4){ref-type="fig"}, arrowheads) or aquaporin 1 signals ([Figure 4g](#fig4){ref-type="fig"},[h](#fig4){ref-type="fig"}, arrowheads). However, we also found some membrane GFP signal that colocated with phalloidin ([Figure 4b](#fig4){ref-type="fig"}--[d](#fig4){ref-type="fig"}, arrows) and with Aquaporin 1 ([Figure 4f](#fig4){ref-type="fig"}--[h](#fig4){ref-type="fig"}, arrows), showing that some GFP-dockerin was located on the apical membrane of the ependymocytes, which is the brain side of the BCSFB. We quantified the proportion of cells with GFP-dockerin on the apical membrane and we found that 61.08% ± 23.42 (*n* = 4 animals) of the green cells had GFP-dockerin on the membrane colocating with Phalloidin ([Figure 4d](#fig4){ref-type="fig"}, arrows). Since GFP-dockerin had access only to the basolateral membrane, these observations suggested that GFP-dockerin entered from the basolateral side and was transported to the apical membrane of choroidal ependymocytes.

To confirm the results found by confocal microscopy, we examined the same samples by electron microscopy. GFP-dockerin was labeled by peroxidase/3,3′-diaminobenzidine (DAB) immunohistochemistry using an anti-GFP monoclonal antibody ([Figure 5a](#fig5){ref-type="fig"}). In the electron micrographs of the choroid plexus tissue, peroxidase activity was revealed by an electron-dense reaction product ([Figure 5b](#fig5){ref-type="fig"}, arrowheads). The brain and blood sides of choroid ependymocytes have different morphology: the apical (ap) (or luminal) membranes display cilia and dense microvilli ([Figure 5b](#fig5){ref-type="fig"},[c](#fig5){ref-type="fig"}, ap), while the basal and lateral surfaces (bl) are flat with strongly folded labyrinths with the neighboring cells at the transition from lateral to basal surfaces ([Figure 5b](#fig5){ref-type="fig"},[c](#fig5){ref-type="fig"}, bl). As expected, electron-dense particles corresponding to GFP-dockerin were detected in high number on the basolateral surfaces of ependymocytes ([Figure 5b](#fig5){ref-type="fig"},[c](#fig5){ref-type="fig"}, arrowheads). However, we also found some cells with electron-dense particles on the apical membrane, between the microvilli ([Figure 5c](#fig5){ref-type="fig"}, arrow). This result confirmed the findings from the confocal microscopy experiments that some GFP-dockerin was located on the apical membrane of ependymocytes, suggesting that transcytosis of GFP-dockerin from the basolateral to the apical surface had occurred.

Taken together, these results demonstrate that GFP-dockerin injected into blood is able to bind to the TfR-cohesin expressed on the basolateral membrane of choroidal ependymocytes. Furthermore, the bound GFP-dockerin is internalized in the majority of the ependymocytes, and in some cells, GFP-dockerin is transported from the basolateral membrane (blood side) to the apical membrane (brain side), hence crossing the BCSFB.

Discussion
==========

Exploiting the receptor-mediated transcytosis mechanism of the brain barriers is a promising way to reach effectively the central nervous system. Unfortunately, the mechanism behind transcytosis is still poorly understood due in part to the lack of tools for its study and manipulation.

Conceptually, a unique receptor expressed only in the brain barriers and not in other tissues with a ligand that only targets that receptor would be an ideal method for studies of brain targeting and transcytosis.

With this idea in mind, we have built an engineered receptor-ligand system using the cohesin--dockerin domains from the bacterium *C. thermocellum* and a mammalian receptor. The cohesin and dockerin binding domains are small (cohesin = 143 aa, \~17 kDa; dockerin = 62 aa, \~7 kDa), simple, require no post-translational processing or lipid attachment, have dissociation constant that is comparable to high affinity antibodies (*K*~d~ between 10^−8^--10^−11^M)^[@bib14]^ and they are not present in animals.^[@bib15]^ The mammalian receptor chosen was the human transferrin receptor because it had been previously shown to mediate receptor-mediated transcytosis in the brain barriers.^[@bib16],[@bib17]^

In this study, we have analyzed the binding and transcytosis capabilities of our receptor/ligand system in the mouse brain. The results show that cohesin and dockerin were binding *in vivo* in the choroid plexus ([Figures 2](#fig2){ref-type="fig"} and [3](#fig3){ref-type="fig"}), and that the TfR-cohesin/GFP-dockerin complex was readily internalized in choroid ependymocytes ([Figure 3](#fig3){ref-type="fig"} and [Supplementary Video S1](#xob4){ref-type="supplementary-material"}). Further, we found transcytosis of the GFP-dockerin ligand in the BCSFB ([Figures 4](#fig4){ref-type="fig"} and [5](#fig5){ref-type="fig"}). It is unlikely that binding of cohesin and dockerin triggers the internalization of the TfR-cohesin. Rather, it is possible that the cohesin/GFP-dockerin binding does not prevent the interaction of circulating endogenous transferrin with the TfR docking site of TfR-cohesin, which results in the entire complex including transferrin and GFP-dockerin being internalized. This phenomenon has been seen before when the transferrin receptor was targeted with antibodies that do not target the binding site for transferrin.^[@bib16],[@bib18]^

Even though we found GFP-Dockerin located on the brain side of the barrier we could not determine if GFP-dockerin was released in the CSF. This result was anticipated due to the tight binding of the dockerin--cohesin domains and our findings support it by showing GFP-dockerin bound to the apical membrane of the ependymocytes. However, reversibility of cohesin--dockerin binding is not essential to achieve delivery into the central nervous system compartment. A model of this delivery approach using a pH-sensitive nanoparticle as an example is illustrated in the [Figure 6](#fig6){ref-type="fig"}. In the case of the transferrin receptor, previous works have described that during its internalization the interior of the vesicle encounters a drop of the pH from 7.4 to 5.6 (ref. [@bib19]). Once the TfR-cohesin receptor brings a putative dockerin-nanoparticle into a cellular endosomal compartment where the pH lowers, the nanoparticle will release its contents into the vesicle. The vesicle in turn will be transcytosed and its contents will be released into the cerebrospinal fluid when it fuses with the apical membrane of the ependymal cells.

In this study, only the BCSFB could be targeted. When we tried to target the BBB, we found no evidence of GFP-dockerin binding in endothelial cells of this barrier. It has been shown that the AAV1 and AAV9 serotypes are able to infect endothelial cells when injected intravenously.^[@bib20],[@bib21]^ However, in our experiments, these AAV serotypes were not able to infect endothelial cells when AAV was injected into brain parenchyma. The high neural tropism of these AAV serotypes or the lack of receptors on the brain side of the endothelial cells for these serotypes could explain our results.

One of the drawbacks of targeting a physiologic receptor is that they are expressed not only in the brain barriers, but in other tissues of the body. A well-documented case is the transferrin receptor. This receptor is highly expressed in the brain barriers^[@bib22],[@bib23]^ but also in other organs,^[@bib24],[@bib25]^ so when, for instance, transferrin receptor is targeted with an antibody, the concentration of the antibody increases in the brain but the vast majority of the antibody ends up in other tissues, specifically the spleen and the liver.^[@bib26],[@bib27]^ As a result, this off-target effect reduces the efficiency of reaching the brain to the point where the fraction of molecules that ends up in the central nervous system is very low.^[@bib28]^ Since our receptor can be expressed exclusively in the brain barriers using the proper vector and promoter, both more effective brain targeting and less off-target effect should happen. Whether dockerin nonspecifically binds to receptors in other tissues remains to be determined.

One of the limitations of our approach versus targeting physiologic receptors is that all the proteins of our system are foreign to the animal host; so, an immune response is expected. Because of this, the use of the system presented in this study is limited to research purposes and any direct clinical application will require further development.

In summary, our experimental findings are, to the best of our knowledge, the first to demonstrate a proof of concept that an engineered receptor/ligand system could be a useful tool for studies of transcytosis *in vivo* and for brain delivery. Although effective brain targeting remains elusive, we expect that this new approach may help to solve the problem.

Materials and Methods
=====================

Recombinant plasmids
--------------------

### pTR-TfR-cohesin.

The cohesin open reading frame (143 amino acids (aa)) from pRSET-A\_(I27)3-c7A-(I27)2 (ref. [@bib29]) was amplified using polymerase chain reaction (PCR) as a BamHI fragment (for a list of primers used in this study, see [Supplementary Table S1](#xob3){ref-type="supplementary-material"}) and inserted into pTfR-PAmCherry1 (ref. [@bib30]) (plasmid 31948; Addgene, Cambridge, MA), to produce the pTfR-cohesin-PAmCherry1 plasmid. To construct the pTR-TfR-cohesin plasmid, the TfR-cohesin open reading frame from pTfR-cohesin-PAmcherry1 was PCR amplified as a NotI-SalI fragment and cloned into pTR-UF11 (ref. [@bib31]), swapping it with the sequence containing the hGFP and neomycin-resistance genes. The final construct pTR-TfR-cohesin contains the coding sequences for human transferrin receptor fused in frame with the cohesin sequence at the C-terminal end of TfR under the control of the synthetic CBA promoter^[@bib32]^ and the human bovine growth hormone poly(A) site, all of it flanked by the AAV2 terminal repeats.

### pTR-NGFR-cohesin.

The cohesin-coding sequence was inserted in frame into the NGFR-coding sequence between the reticulum signal peptide of NGFR and receptor domain. The reticulum signal peptide (RSP) sequences of NGFR were purchased and the BamHI-XhoI fragment was inserted into a plasmid containing a multicloning site (MCS-plasmid). The NGFR open reading frame without the RSP (NoRSP-ΔNGFR) was PCR amplified from the plasmid ΔNGFR-2A-p47 (ref. [@bib33]), as a EcoRI-NotI fragment and inserted in the RSP-MCS-plasmid, in the same open reading frame as the RSP. The cohesin open reading frame was amplified as a XhoI-XhoI fragment and inserted into the RSP-ΔNGFR-MCS-plasmid, between RSP and ΔNGFR in the same open reading frame, producing the RSP-cohesin-NGFR-MCS-plasmid. The fragment RSP-cohesin-NGFR was cut with NotI and SalI and inserted into the pRT-UF11 digested with NotI and SalI, swapping it with the sequence containing the hGFP and neomycin-resistance genes to make pTR-NGFR-cohesin. The final pTR-NGFR-cohesin construct contains the coding sequences of human NGFR fused with cohesin under the control of the synthetic CBA promoter and the human bovine growth hormone poly(A) site, all of it flanked by the AAV2 terminal repeats.

### pET28A-GFP-Dockerin.

The *C. thermocellum* dockerin sequence (containing also the linker separating the catalytic unit from the dockerin, at the 5' end) was PCR amplified from pET28-Cel8A.^[@bib34]^ The EcoRI/XhoI fragment containing the linker separating the catalytic unit from the dockerin (at the 5') and stop codon insertion before the XhoI site was cloned into a pET28a vector (Novagen, Madison, WI). The coding sequence for GFP was PCR amplified from (Hys)6-GFP-ssrA,^[@bib35]^ as an NdeI/EcoRI fragment and cloned into pET28-dockerin. The resulting construct codes for a protein containing a poly-histidine tag (His-tag), GFP, the linker and dockerin, all in the same reading frame.

GFP-dockerin protein production
-------------------------------

*Escherichia coli* enhanced BL21 strain (T7 express lysY, New England Biolabs, Ipswich, MA) containing pET28A-GFP-dockerin was grown in 500 ml LB with 50 µg/ml kanamycin and grown for 4 hours at 30 °C. Subsequently, isopropyl-β-D-thiogalactopyranose was added at a final concentration of 0.5 mmol/l and culture growth was continued for 20 hours at 16 °C to induce protein expression. Cells were harvested by centrifugation (6,000 g for 15 minutes at 4 °C) and resuspended in 20 ml of His buffer (50 mmol/l Tris pH 7.65, 25 mmol/l NaCl, 2 mmol/l CaCl~2~) supplemented with protease inhibitors (phenylmethylsulfonyl fluoride 0.5 mmol/l, pepstatin A 5 µg/ml, chymostatin 1 µg/ml, leupeptin 1 µg/ml, aprotinin 2 µg/µl) and lysed with a French Press at 1,200 psi of pressure. The lysate was centrifuged (20,000 g for 30 minutes at 4 °C), and the supernatant was loaded onto a 5 ml HisTrap HP column (GE Healthcare Life Sciences, Pittsburgh, PA), pre-equilibrated with His buffer. Proteins were eluted in His buffer using a 30 ml linear gradient of 0--200 mmol/l imidazole. Fractions were collected, analyzed (see below), and loaded onto a 5 ml Hitrap Q HP column (GE Healthcare Life Sciences), pre-equilibrated with Q buffer (25 mmol/l Tris-HCl pH 8.5, 1 mmol/l DTT, 1 mmol/l CaCl~2~) with protease inhibitor cocktail. GFP-dockerin was eluted in Q buffer using a linear gradient of 0--500 mmol/l NaCl. Analysis of the fractions were performed using a fluorometer to measure GFP signal (excitation filter: 485 ± 20 nm, emission filter: 528 ± 20 nm) and by SDS/PAGE with Comassie staining. The fractions containing relatively pure protein were pooled and dialyzed against phosphate-buffered saline (PBS) pH 8.0 and concentrated in an Apollo 20 kDa concentrator (Orbital Biosciences, Topsfield, MA) in 0.1M PBS pH 8.0. The GFP-dockerin was aliquoted and stored at −20 °C.

Production of rAAV
------------------

rAAV was isolated essentially as described,^[@bib36]^ with minor modifications. For the production of AAV9-TfR-cohesin, the plasmid pIM45-9 that expresses AAV2 rep and the AAV9 cap, was cotransfected using PEI^[@bib37],[@bib38]^ into HEK-293 cells with pTR-TfR-cohesin and pXX6 (ref. [@bib39]), which contains the adenovirus E4, VA, and E2a helper regions, to produce the AAV9-TfR-cohesin virus. The recombinant virus was purified by iodixanol step gradient, followed by vector concentration and buffer exchange with lactated Ringer's in an Apollo 150 kDa concentrator (Orbital Biosciences). The virus was stored at −80 °C. AAV1-NGFR-cohesin, was produced by the same method, but using the plasmids pXYZ1 (ref. [@bib36]) and pTR-NGFR-cohesin during the transfection. Virus titers (vector genomes per ml) were determined by dot blot: AAV1-NGFR-cohesin = 2.47 × 10^12^ vg/ml. AAV9-TfR-cohesin = 5.58 × 10^12^ vg/ml.

Animals
-------

The animal procedures were performed according to a protocol approved by the Institutional Animal Care and Use Committee at the University of Florida. Balb/cj strain mice 4--5 weeks of age were used for the experiments.

Intracerebral injection of AAVs
-------------------------------

All surgical procedures were performed using aseptic techniques and isoflurane gas anesthesia. After mice were anesthetized, they were placed in the stereotactic frame (Kopf Instruments, Tujunga, CA), and rAAV vectors were injected into either the right Striatum (Str) (anterior--posterior (AP) −0.3 mm, lateral (lat) −2.0 mm, dorsoventral (DV) −3.0 mm) or the right lateral ventricle (LV) (AP −0.3 mm, Lat −1.0 mm, DV −2.0 mm), through a glass micropipette with an inner diameter \~30--40 µm at a rate of 0.5 µl/minute. Animals were injected with a total of 2 µl of virus in the Str or 10 µl in the LV. The needle was left in place for 5 minutes prior to withdrawal from the brain.

Systemic injection of GFP-dockerin
----------------------------------

After the animals were anesthetized with isoflurane, a single dose of 100 µl of GFP-dockerin (3 µg/µl) was administrated via the tail vein, using an insulin syringe (30G × 1/2") (Easy Touch, Fairfield, OH) over a period of 30 seconds. Animals were perfused 8 hours later.

Brain tissue preparation
------------------------

Animals were deeply anesthetized with pentobarbital (Beuthanasia-D, Merck, Kenilworth, NJ) and perfused through the ascending aorta. Brains were perfused with 10 ml of saline solution, followed by 10 ml of ice-cold 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4. Brains were removed and postfixed overnight at 4 °C in paraformaldehyde solution.

Forty-micrometer-thick brain coronal sections (40 μm) were cut on a vibratome (Leica Microsystems, Wetzlar, Germany) and mounted for fluorescence microscopy analysis or processed for GFP-dockerin incubation or immunohistochemistry.

GFP-dockerin incubation
-----------------------

Brain sections were incubated overnight at 4 °C with 0.02 mg/ml of dockerin-GFP, 0.1% Triton-X100 (T9284, Sigma-Aldrich, St Louis, MO) and 3% goat serum (01-6201, Life Technologies, Carlsbad, CA). Brain sections were mounted on slides with Mowiol 4--88 (81381, Sigma-Aldrich). Samples were examined with a fluorescence stereomicroscope or a fluorescence microscope (Leica Microsystems) and images were processed with Pixelmator software (UAB Pixelmator Team, Vilnius, Lithuania).

Immunohistochemistry for confocal microscopy
--------------------------------------------

Immunostaining were carried out on free-floating sections as follows: Incubation with 0.1% Triton-X100 (T9284, Sigma-Aldrich), 3% goat serum (01-6201, Life Technologies) or donkey serum (D9663, Sigma-Aldrich) in PBS for 1 hour at room temperature (RT); incubation with Phalloidin--Atto 565 (94072, Sigma-Aldrich) or one of the primary antibodies 4 °C overnight: rabbit anti-α Tubulin (ab18251, Abcam, Cambridge, MA) diluted 1:500, guinea pig anti-cytokeratin 8/18 (GP11, Progen Biotechnik, Heidelberg, Germany) diluted 1:100, rabbit anti-CD31 (ab28364, Abcam) diluted 1:100 or rabbit anti-Aquaporin 1 (ab15080, Abcam) diluted 1:125; 3 washes with PBS for 10 minutes each wash; incubation with one of the secondary antibodies for 2 hours at RT: Alexa Fluor555 donkey anti-Rabbit (A-31572, Life Technologies) diluted 1:500 or Alexa Fluor555 goat anti-Guinea Pig (A-21435, Life Technologies) diluted 1:500. Sections were then incubated with 4',6-diamidino-2-phenylindole at 1 µg/ml for 10 minutes, washed with PBS three times for 10 minutes each wash, mounted on slides with Mowiol 4--88 and examined with a confocal microscope Leica TCS SP5 (Leica Microsystems).

To label GFP that was present only on the surface of the membranes, sections were stained without Triton-X100, as follows: Incubation with 3% goat serum (01-6201, Life Technologies) in PBS for 1 hour at RT; incubation with the primary rat anti-GFP (04404-84, Nacalai USA, San Diego, CA) diluted 1:1,000 at 4 °C overnight; three washes with PBS for 10 minutes each wash; incubation with the secondary Alexa Fluor647 goat anti-Rat (A-21247, Life Technologies) for 2 hours at RT; three washes with PBS for 10 minutes each wash; incubation of the slices with 4% paraformaldehyde; three washes with PBS for 10 minutes each wash. Once the GFP membrane staining was complete, the sections were stained for the other marker using Triton X-100, following the procedure described above, for Aquaporin 1 or Phalloidin.

To label GFP on the surface of membranes for electron microscopy, sections were processed as follows: incubation with 0.5% H~2~O~2~, 10% Methanol in PBS for 15 minutes; three washes of 10 minutes each with PBS; incubation with 1% goat serum in PBS for 1 hour at RT; incubation with primary rat anti-GFP antibody diluted 1:500 at 4 °C overnight; three washes with PBS for 10 minutes each wash; incubation with the secondary biotinylated goat anti-rat *antibody* (BA-9401, Vector Laboratories, Burlingame, CA) diluted 1:500 for 2 hours at RT; three washes of 10 minutes each with PBS; incubation with VECTASTAIN Elite ABC Kit (PK-6100, Vector Laboratories, Burlingame, CA) for 1 hour at RT; three washes with PBS for 10 minutes each wash. The sections were then stained using the NovaRED Peroxidase (HRP) Substrate Kit (SK-4800, Vector Laboratories) for 10 minutes, washed and processed for electron microscopy as described below.

Colocalization analysis
-----------------------

The proportion GFP^+^ cells with colocalization between membrane-GFP and Phalloidin labeling was performed as previously described.^[@bib40]^ Briefly, confocal z-stacks were taken from four microscopy fields per section, one section per animal, four animals. Each z-stack was individually analyzed and colocalization between membrane-GFP and Phalloidin were counted manually using ImageJ software (NIH, Bethesda, MD). Subsequently, the average of the four fields was used to represent each animal.

Electron microscopy
-------------------

Transmission electron microscopy was carried out at the Interdisciplinary Center for Biotechnology Research Electron Microscopy Core as described previously.^[@bib41]^ After immunohistochemistry, sections were postfixed with 1% osmium tetroxide, dehydrated and embedded in EMbed812/Araldite epoxy resin. Ultrathin sections (100 nm) were then cut from the block surface, collected on 100 mesh carbon coated Formvar copper grids, and examined in an FEI Spirit LaB~6~ 120kV transmission electron microscope (FEI, Hillsboro, OR) equipped with a Gatan Ultrascan 1000XP, 2k × 2k CCD digital camera (Gatan, Pleasanton, CA).
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![Expression of the engineered receptor following injection of the virus vector into a single brain ventricle. (**a**) Schematic representation of the receptor/ligand system. The receptor is a fusion protein of the human transferrin receptor (TfR) and the bacterial cohesin domain. The construct was cloned into a recombinant adeno-associated virus serotype 9 (rAAV9) vector to make AAV9-TfR-cohesin virus. The ligand is a fusion protein of green fluorescent protein (GFP) and the bacterial dockerin domain to make GFP-dockerin. GFP-dockerin is produced in bacterial culture and purified before use. (**b**) AAV9-TfR-cohesin vectors were injected in the right lateral ventricle of mouse brains. Two weeks later, brain slices were incubated with GFP-dockerin protein and GFP-dockerin binding with TfR-cohesin was analyzed by fluorescence microscopy to determine the cells that were expressing the receptor. Brain parenchyma near the right ventricle expressed higher levels of the receptor than the contralateral side, presumably because of the higher starting concentration of virus in CSF on the right side. (**c** and **d**) However, the virus concentration in CSF on both sides of the brain was sufficiently high to generate approximately the same level of receptor expression in choroid plexus cells on both sides of the brain. The hole marks the left side of the mouse brain. Scale bar (shown in **d**): (**b**) 0.72 mm; (**c,d**) 100 µm. CSF, cerebrospinal fluid.](mtm201537-f1){#fig1}

![Green fluorescent protein (GFP)-dockerin binds cells from the choroid plexus in all ventricles of the brain *in vivo*. (**a**) Schematic representation of the ventricular system in the mouse brain showing the approximate positions of the lateral (LV), third (3V), and fourth (4V) ventricles. b, c, and d lines indicate the approximate location of the brain images shown in **b**, **c,** and **d** pictures. AAV9-TfR-cohesin vector was injected in the right lateral ventricle of mouse brains. Two weeks postvector injection, GFP-dockerin was injected intravenously into mice and GFP-dockerin binding with TfR-cohesin was analyzed by fluorescence microscopy in brain slices from regions **b**, **c**, and **d**. The images showed green signal from GFP-dockerin in the choroid plexus of lateral ventricles (**b**, **c** arrows), the third ventricle (**c** arrowhead), and the fourth ventricle (**d**). The hole marks the left side of the mouse brain. Scale bar (shown in **d**): (**b**) 265 µm, (**c**) 600 µm, (**d**) 295 µm.](mtm201537-f2){#fig2}

![Type of cells binding green fluorescent protein (GFP)-dockerin in choroid plexus. Confocal images of mouse brain sections showing GFP-dockerin (green) bound to cells of the choroid plexus (**a**,**d**,**g**). The sections were also stained red with CD31 antibody (**b**), α-tubulin antibody (**e**), or cytokeratin 8/18 antibody (**h**). CD31 antibody labels endothelial cells of capillaries, while α-tubulin and cytokeratin 8/18 antibodies label the perinuclear cytoplasm of choroidal ependymocytes. **c** is merged from **a** and **b**, showing that no cells positive for CD31 were binding GFP-dockerin. However, **f** (merged from **d** and **e**), and **i** (merged from **g** and **h**) show partial colocalization of GFP-dockerin signal with α-tubulin and cytokeratin 8/18, respectively (arrows). Nuclei were also stained with 4',6-diamidino-2-phenylindole (DAPI; blue) in **c**, **f**, and **i**. Scale bar (shown in **i**): (**a--c**) 33 µm, (**d--f**) 22 µm, (**g--i**) 30 µm.](mtm201537-f3){#fig3}

![Membrane location of green fluorescent protein (GFP)-dockerin by confocal microscopy. (**a,e**) Confocal images of mouse brain sections showing green fluorescent signal of GFP-dockerin that was bound to or had entered the cytoplasm of choroidal ependymocytes. (**b**,**f**) GFP-dockerin located only on the cell membrane was visualized by staining with anti-GFP antibody (purple, α-GFP, only membrane). The apical membrane of choroidal ependymocytes was stained using fluorescent phalloidin (**c**, red) or aquaporin 1 antibody (**g**, red). **d** is merged from **a**, **b**, **c**; **h** is merged from **e**, **f**, **g**. **d** and **h** show GFP-dockerin receptor is present on the basolateral membrane (arrowheads) and also, at a lower level, on the apical membrane (arrows). Nuclei were stained with 4',6-diamidino-2-phenylindole (DAPI; blue) in **d** and **h**. Scale bar (shown in **h**): (**a--d**) 6.6 µm, (**e--h**) 4.4 µm.](mtm201537-f4){#fig4}

![Membrane location of green fluorescent protein (GFP)-dockerin by electron microscopy. (**a**) Light microscopy image showing GFP-dockerin located only on the cell membrane using an anti-GFP antibody and peroxidase/DAB reaction. (**b**) Electron microscopy image showing the peroxidase/DAB reaction product in the cell membrane of a choroidal ependymocyte. Arrowheads show peroxidase/DAB reaction product on the basolateral membrane (bl). (**c**) Electron microscopy image of two ependymocytes, one unlabeled (ep1) and one labeled (ep2), showing both cellular sides, the flat and folded basolateral membrane (bl) and the apical membrane covered with cilia and microvilli (ap). The DAB reaction product, indicating GFP-dockerin, is present on both the basolateral membrane (arrowhead) as well as the apical membrane (arrow) of the choroidal ependymocyte. n, nucleus; ap, apical membrane (brain side); bl, basolateral membrane (blood side); V, cerebral ventricle; ep1, unlabeled ependymocyte; ep2, labeled ependymocyte; tj, tight junction. Scale bar (shown in **c**): (**a**) 50 µm, (**b**) 1.12 µm, (**c**) 0.5 µm. DAB, 3,3′-diaminobenzidine.](mtm201537-f5){#fig5}

![Brain delivery model of the engineered receptor/ligand system combined with a nanoparticle. Schematic representation of the blood--cerebrospinal fluid barrier (BCSFB) composed by ependymal cells (or ependymocytes) and tight junctions. The delivery system would work as follows: Injection of an adeno-associated virus vector carrying the engineered receptor would infect the ependymal cells of the choroid plexus. The ependymal cells of the BCSFB would express the receptor on the blood side of the barrier. Subsequently, the ligand attached to a nanoparticle would be injected intravenously. The carrier would bind to the receptor via the ligand, and the receptor would transport the nanoparticle to the brain side of the ependymal cells. During the transcytosis, the nanoparticle would release the cargo so when the vesicle fuses with the cellular membrane, the cargo would be released in the cerebrospinal fluid of the brain ventricles.](mtm201537-f6){#fig6}
